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ANTHEM SIMULATION OF THE EARLY TIME
MAGNETIC FIELD PENETRATION OF THE PLASMA
SURROUNDING A HIGH DENSITY Z-PINCH

Rodney J. Mason
Los Alamos National Laboratory, Los Alamos, New Mexico 87545

ABSTRACT

The early time penctration of magnetic field into the low density coronal
plasma of a Z-pinch fiber is studied with the implicit plasma simulation code
ANTHEM. Calculations show the emission of electrons from the cathode, pinch-
ing of the clectron flow, magnetic insulation of the electrons near the anode, and
low density 10n blow off. PIC-particle ion calculations show a late time clumping
of the ion density not seen with a fluid jon treatment.

INTRODUCTION

A high deasity Z pinch can consist simply of a fiber connecting a solid
cathode at vne end to a rolid anode &t the olier. From a Marx system a
drive voltage is applicd from anode to cathode aeross this system. The fiber s
typically 1077 covin radius it has been made of plasie or, recently. extruded
deuteriim dees By sorne complex process, possibly field emission of electrons
fro:ni the cathiode breakdown of the insulating fibier rapidly proceeds. Tt becomes
a plasma MHD caleulations' indicate that, 35 ne afier the voltage is applied,
this pleana expands toa radius of 0.1 to 03 e, surrounding 1 5 ene long fiber
Bevond 015 em the plsia electron density diops rapidly below 1077 eny
In experiments at Los Alamos the resultiat current dn the fiber rose peann
hnearly over 130 ne to o devel of 025 MA I a)] the carrent at 35 nsis mside a
racius of 0105 e thas cortesponds toa naenene fierd of 89T at that radins
Bevond this ricdims e plaana conditions e not unhike those enconntered
high densiry phivana opesing switches (1°0OS Aowhere w rapidly nising (60 to Hoo
ns tine seale s magnetic Aeld (from 08 1o 30 1y peretrates o 1077 ta 10" e
plastua through o combimation of erosve, Foo B dnift, and NIHD mechanion,

We have apphed the ANTHEM ympien simnlanion model to the study of
ficld penetration of the low density plasmn sunroundimg the 7 pinch fiher. The
wrention 8 electior mertin, andd the anelraon of relitivistie effects i the code
mllow us to stady the e aeay of electrans s the oow densay sheath, withont
the vnpoation of arlatrary Jow denors cat G e ared wath MHD and Livbind
maodel The code’mgehest treate ooy of the clecne and maenetie fields allow
us toonodel the global syatem with comnpatatpnal celle el Targer than a
Debye Tength nnd aang thine steps mach loneer than o pleamia penod (gomie
well bevond the vaaal constrames of FIC conde

The present resaltc are prehmanery and hoated 1o an examimntion of the
eatly tirae held penctration throupl the o dencat: plasmac cegions We exanne
the etipssion of election ot the -‘J||]|lu|-', thear erovon nnpd |‘I|u'l||lu' al o th.
electiode aned then maenetic meabivnon o the anodde W oo nate o clhimgpane



effect in the ions, scen only when they are modeled as PIC particles.
THE MODEL

Calculations were performed with the ANTHEM implicit simulation code?.
This is & multi-fluid/PIC model. For its present application separate electron
and ion fluids were employed to represent the background electrons and ions
constituting the fill plasma, and a third electron fluid was introduced to model
the emission. The solution for electric and magnetic fields is obtained implicitly
from Maxwell's equations by the Iruplicit Moment Method? 4. Thas. the electric
and magnetic fields are advanced by

Em+l) - E(m) _ 477(.3’-)("”]) +(,A'v x B(m+l)

B("HH — B(ml _ (‘Af\— x E(m+l)

with time-advanced currents, jMY = G[FC D determined from a set of

auxiliary moment equations.  In our simulations the v x B term was treated
implicitly'. For the present results plasnia resistivity was set to z 'ro.

Substitution of the expression for auxiliary currents into the Ampere’s law
gives an eliptic equation for a single azimuthal component of magnetic field
By in the eyhudrical geometry, when only radial and axial plasina motion is
permitted  This is solved with a Chebyehefl solver requiring 0.02 see /solve for
i 50 x 50 mesh Given the B field, we obtiain E from the Ampere’s law aned
the nuxiliary moment equation for 3 The plasma properties are then advanced
in these felds. With particle modeling we sinply update Newton's equaations
For flind modeled components the properties are advanced in two stages. In the
Qrst. Lagrangeian stape velocities for the cell walls confimng the fluid elements
are first obtinned, and the walls are moved, In the second, Eulerian stage the
watlls are shafted hack to their origimal positions and inid moves across, Van Leer
corrections are apphed at this punetare to achieve nearly second order spatial
ditferenemie wirth stabalhity - After the placima updates the resaltant true carrents
nre compated to the approximate cunrents predicted with the field solution. The
devintion between these two eurrent- s nsed to gencrate nocortection to the I
deld calealated e the uext evele Thas cotrection tenm s erucial i maimtannne
near Guac neattality an dense repions of the pineh plasma Smee the wninng
of Ref 3. chanees have heen made to bice the model onmomecin tnther than
velocitiee o that election relativistie efleets are ineladed

FIELD PENEF ITRATION RESULTS

For the 7 pieh canmlations we aeauned a0 100 ern Y plasma A low e
ston threshold ¢330 Vocmnaor electrons wie welected A Cheteh representing the

£ el dosnd e sl bap
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Fig. 1

We apphed a constant 1 MV drive voltage and employed a 50 nH generator
mdnctance. so that the charbeteristie rise time to a 1 MA drive current through
the pinch was 50 ns. We assumed an inner dense plasma out to (0.1 em radins
with 20 Ohims resistance. The outer edge of this plasma was made the lower
boundary of our computationad region. So. the 20 Olan Aiber resistance was
treated as an axial load by the code
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Figure 2 collects early time history for the calculated evolving coronal elec-
tron and ion densities in the Z-pinch. The frames (a-d) are for t = 5, 7.5, 10 and
15 ns, respectively. The four fames reflect the first 15 ns of pulse rise. For the
coronal plasma we assumed an initial density of 10M electrons/cm?, extending
beyond the deuse fiber at r = 0.1 cm (lower boundary) out to 1.0 em. The top
subfigure in each frame shows a set of density contours for the emitred elee-
trons flowing from the cathode (on the left) and the background electrons. Each
bottom subfigure shows the evolving ion density contours.

Starting at 5 ns a gap in the clectron density is evident near the cathode.
The emitted electron stream pinches toward the axis, so that by 15 ns 1t squeezes
down to less than 0.2 em. Significant jon blow-off is evident by 7.5 ns. This is
most pronounced near the cathode. We also see a tendency for the electrons to
pinch toward the axis near the anode. a magnetic insulation effect also seen in

POS switches?.
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Fae 3

Forore 3 i ahiove shhowe i cross seetion of the pinl'h densities at the cathone
nt s The emetted electrons of denaty s, primepally populate the lager tadn
near 1 Vet The remminmue frames ane for 10 as I franme (b we see that
the electron Hux vectors (opposite the current s are pinched toward the nxis
The valtage (o) tuns from O to o D3 MV maxinn, with most of the change
occutning across the enrrent sheet near the cathode The magnetie field (d) s
i along the mner rod, but cvongly perturhed by the enmssion earrent
S I



The fluid treatment of ions may be unrealistic due to its inability to model
finite jon gro effects. ANTHEM! allows for particle io: modeling. but we have
linuted experience with its use. Figure 4 shows results for the Z-pinch run with
particle ions. The times shown are (a-d) t = 2.5, 4.5, 5.5 and 7 ns. Electron
density contours are shown in the top subframe at each time, and the ion par-
ticles aze plotted in the lower subframe. From the quiet initial start. with 1 eV’
1ons we find that the nsing. peuctrating B field bunches the ions near the low
density plasma edge by 4.5 ns. and leads to significant clumping tiroughout the
plasma by 7 ns. Work is continuing to determine the significance of the finding.

Fag 4

CONCLUSIONS

The ANTHEM model has been used ina prehmitary stud: of the pene
tration of mignetie field into the low depsity (10MY electrons/em® ) plasma s
rounding o 7 piuch Several effects characteristic of POS plasmas hive Leen
seenoan the 7 pinech dynamies . Anerosion ke gap in the plasma desisity rapadly -
forms near the eathiode The eylindrical geometry then leads to pinching, of the
election eurtent sheet nssociated with the formation of this gap Magnetic s
Intion s also found prohibat direet entry of the eleetrons mto the anode at Lage
radu. nned cnconrages pinching of the electron flow neas this electtode When 1on
particle modelimg v emploved worapid chunping of the won s evidenee, whineh
may andieate wetabiiny due to fimte en pyro adn effeets Farther semitimy of
thos 1 warranted



ANTHEM possesses an option to model deposition of the emitted electrons
on a denser background Huid. Thus, a reasonable extension of this work would
be to include the denser fiber plasma as background extending out from the
centerline. Effects such as direct heating from collisions of the emission plasuia
on the fiber could then be examined.
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